INTRODUCTION
Autophagy is an evolutionarily conserved intracellular catabolic process that involves the formation of a closed double membrane structure, called the autophagosome, and its subsequent delivery of sequestrated materials to the vacuole/lysosomes for degradation (Nakatogawa et al., 2009; Yang and Klionsky, 2010; Levine and Kroemer, 2008) . The autophagosome nonselectively engulfs a portion of the cytosol in defending against metabolic stresses such as starvation and can also be formed around specific cargos while excluding bulk cytoplasm.
In yeast, about 20 ATG genes have been identified that are required for autophagosome formation (Nakatogawa et al., 2009 ). All Atg proteins associate with the preautophagosomal structure (PAS), from which autophagosomes are thought to originate (Suzuki et al., 2007) . The Atg proteins form distinct complexes that act at discrete steps of autophagosome formation. The serine/threonine kinase Atg1 complex, consisting of Atg1, Atg13, and Atg17, and the class III phosphatidylinositol 3-kinase (PI3K) Vps34 complex, consisting of Vps34, Atg14, and Atg6/Beclin 1, are required for initiation and nucleation of a cup-shaped membrane sac, called the isolation membrane. Expansion and completion of autophagosomes require the two ubiquitin-like conjugation systems. Ubiquitin-like Atg8 is conjugated to phosphatidylethanolamine (PE) through the sequential action of cysteine proteinase Atg4, E1-like activating enzyme Atg7, and E2-like conjugating enzyme Atg3, whereas ubiquitinlike Atg12 is conjugated to Atg5 through the action of Atg7 and E2-like enzyme Atg10. Retrieval of the multispanning membrane protein Atg9 from the PAS to peripheral punctate structures requires the Atg1 complex, the Vps34 complex, and the Atg2/ Atg18 complex (Nakatogawa et al., 2009) . Autophagy in higher eukaryotes involves more complex membrane dynamics. Most Atg proteins, including the ULK1/Atg1 complex, Atg14, WIPI1/ Atg18, Atg16L1, and LC3/Atg8, form punctate structures and colocalize with each other in starvation-induced autophagy in mammalian cells (Itakura and Mizushima, 2010) . The role of these Atg protein puncta in autophagosome formation is largely unknown. The endoplasmic reticulum (ER), mitochondria, and plasma membrane all contribute to autophagosomal membranes (Tooze and Yoshimori, 2010; Ravikumar et al., 2010) . Unlike autophagosomes in yeast, which directly fuse with a single large acidic vacuole, nascent autophagosomes in mammalian cells undergo maturation processes, including fusion with endosomes, before fusion with lysosomes to produce degradative autolysosomes (Simonsen and Tooze, 2009 ). The more elaborate autophagy pathway in higher eukaryotes involves conserved Atg proteins and also metazoan-specific autophagy proteins, including EPG-3/VMP1, EPG-4/EI24, and EPG-5/ mEPG5 (Tian et al., 2010) . How Atg and EPG proteins act concertedly in autophagosome formation, however, remains largely unknown.
Phosphatidylinositol 3-phosphate (PtdIns(3)P), generated by the Vps34 PI(3)K complex, plays essential roles in the autophagy pathway (Simonsen and Tooze, 2009 
epg-6
Anti-LGG-1
N O P w i l d t y p e e p g -6 a t g -1 8 a t g -2

Actin
LGG-1-I
LGG-1-II Anti-SEPA-1 Anti-LGG-1 L M Figure 1 . Mutations in epg-6 Cause Defects in Autophagy-Regulated Processes
Scale bars represent 10 mm for whole embryos and 5 mm for insets that show a magnified view. C. elegans embryos remain the same size during embryogenesis. Thus, scale bars are only shown once.
Developmental Cell
Role of PtdIns(3)P Effectors in Autophagy autophagic structures (Obara et al., 2008; Proikas-Cezanne et al., 2007; Polson et al., 2010) . In mammalian cells, the ERlocated Atg14L recruits the Vps34 complex to generate PtdIns(3)P-enriched ER subdomains, called omegasomes, which provide a platform for accumulation of Atg proteins, expansion of autophagosomal membranes, and generation of autophagosomes (Axe et al., 2008; Matsunaga et al., 2010) . PtdIns(3)P is also thought to regulate the maturation and size of autophagosomes in mammalian cells. Overexpression of the myotubularin (MTM) family PtdIns(3)P phosphatase MTMR3 leads to formation of smaller nascent autophagosomes (Taguchi-Atarashi et al., 2010) . Knockdown (KD) of MTMR3 or Jumpy (also known as MTMR14) facilitates maturation of nascent autophagosomes (Vergne et al., 2009; Taguchi-Atarashi et al., 2010) . Despite the critical role of PtdIns(3)P in the autophagy pathway, it is still poorly understood how PtdIns(3)P autophagic effectors act with other autophagy proteins in autophagosome formation. During C. elegans embryogenesis, a variety of aggregateprone proteins are selectively degraded by autophagy (Ková cs and Zhang, 2010), a process hereafter referred to as aggrephagy. Homologs of all conserved yeast Atg proteins, and the metazoan-specific autophagy proteins EPG-3, -4, and -5, are essential for the aggrephagy pathway. Here we identified that mutations in epg-6 cause defects in aggrephagy and other autophagy-regulated processes in C. elegans. epg-6 encodes a WD40 repeat protein with PtdIns(3)P-binding activity. Loss of function of epg-6 causes accumulation of enlarged early autophagic structures. The mammalian EPG-6 homolog, WIPI4, is also essential for progression of omegasomes to autophagosomes in starvation-induced autophagy. Our study demonstrated that PtdIns(3)P effectors act concertedly with Atg proteins in the autophagy pathway.
RESULTS
Mutations in epg-6 Cause Defects in AutophagyRegulated Processes To identify genes essential for autophagy, we performed genetic screens to isolate mutants with defective degradation of the coiled-coil domain protein SEPA-1 during C. elegans embryogenesis. In wild-type animals, SEPA-1 aggregates are spherical and dispersed in the cytoplasm in early-stage embryos and become undetectable from the comma stage (500-cell stage) onward due to their selective removal by autophagy ( Figures 1A and 1B , and see Figure S1 available online) (Zhang et al., 2009 ). We isolated mutations in a genetic locus, named epg-6, that caused accumulation of a large number of aggregates formed by SEPA-1::GFP or endogenous SEPA-1 in late-stage embryos ( Figures 1C and S1 ). From the 200-cell stage onward, SEPA-1 aggregates in epg-6 mutants formed clusters that were tubular or irregularly shaped (Figure 1C and Table S1 ). SEPA-1 mediates autophagic degradation of germline-specific P granule components, PGL-1 and PGL-3, in somatic cells and colocalizes with PGL-1 and PGL-3 in aggregates, termed PGL granules, in autophagy mutants (Zhang et al., 2009) . In epg-6 mutants, PGL-1 and PGL-3 accumulated and completely colocalized with SEPA-1 aggregates in somatic cells ( Figure S1 ). Western analysis revealed that levels of PGL-3 were dramatically elevated in late-stage epg-6 mutant embryos, whereas mRNA levels were unchanged (Figure 1J ; data not shown).
Degradation of other autophagy substrates was also examined in epg-6 mutants. The C. elegans p62 homolog, T12G3.1, is weakly expressed and diffusely localized in the cytoplasm in wild-type embryos ( Figures 1D, 1E , and S1) (Tian et al., 2010) . In epg-6 mutants, T12G3.1 showed dramatically elevated expression and formed large numbers of aggregates in embryos ( Figures 1F, 1J , and S1). T12G3.1 aggregates also formed clusters, which appeared to be largely superimposed upon PGL granules in epg-6 mutants (Figures 1G-1I and Table S1 ). Other autophagy substrates, including C35E7.6, C35E7.1, ZK1053.4, T04D3.1, T04D3.2, and F44F1.6 (Zhang et al., 2009) , also ectopically accumulated in epg-6 mutant embryos ( Figure S1 ; data not shown). Compared to wild-type animals, epg-6 mutants had a greatly increased number of polyQ aggregates formed by a stretch of 40 glutamine residues ( Figure 1L ). These results indicate that epg-6 is required for degradation of a variety of protein aggregates. 
Developmental Cell
Role of PtdIns(3)P Effectors in Autophagy
We further determined whether epg-6 is involved in other autophagy processes in addition to aggrephagy. The survival of newly hatched L1 larvae in the absence of food requires autophagy activity (Ková cs and Zhang, 2010) . Under starvation conditions, the mean life span of wild-type L1 larvae is about 13 days. epg-6 mutant L1 larvae only survived for 3 days on average ( Figure 1K ). The maximum life span of L1 larvae without food was also greatly shortened in epg-6 mutants ( Figure 1K ). Thus, epg-6 contributes to the survival of animals under starvation conditions.
Autophagy activity contributes to the degeneration of six touch receptor neurons caused by the gain-of-function allele mec-4(u231), which encodes a toxic ion channel variant (Ková cs and Zhang, 2010) . Mutations in epg-6 ameliorate the neurodegeneration caused by mec-4(u231) ( Figure 1M ). Compared to wild-type animals, autophagy mutants grow slowly (Tian et al., 2010) . epg-6 mutants took 4 extra hours for embryogenesis and 14 extra hours to develop from L1 larvae to young adults. In summary, epg-6 mutants show defects in multiple autophagy-regulated processes.
LGG-1/Atg8 Accumulates in epg-6 Mutants To further determine that mutations in epg-6 impair autophagy, we examined expression and distribution of LGG-1, the C. elegans Atg8 homolog, which associates with autophagosomal membranes and their precursors. Compared to wild-type embryos, levels of both LGG-1-I and LGG-1-II (lipidated form) were dramatically elevated in epg-6 ( Figure 1N ). In wild-type embryos, LGG-1 forms punctate structures, mostly between the 100-and 200-cell stages ( Figure 1O ), which decrease in number as development proceeds so that only a very few are detected in 4-fold stage embryos (Tian et al., 2010) . In epg-6 mutants, LGG-1 puncta were enlarged and formed tubular and other irregularly shaped structures ( Figure 1P and Table S1 ). Coimmunostaining showed that LGG-1 puncta colocalized with PGL granules ( Figure 1Q and Table S1 ). Accumulation of LGG-1-positive autophagic structures further demonstrates that the autophagy pathway is defective in epg-6 mutants.
epg-6 Encodes a WD40 Repeat Protein that Is a Functional Homolog of Mammalian WIPI4 By transformation rescue, we found that a single gene, Y39A1A.1, rescued defective degradation of protein aggregates in epg-6(bp242) mutants (Figure 2A ). epg-6 encodes two protein isoforms: EPG-6a with 386 amino acids and EPG-6b with 388 amino acids ( Figure 2B ). Expression of either isoform rescued epg-6 mutant phenotypes ( Figure S2 ). EPG-6b was used in this study and referred to as EPG-6. Tryptophan 151, glutamine 159, and arginine 161 were mutated to stop codons in epg-6(bp749), epg-6(bp529) , and epg-6(bp242), respectively (Figure 2B) . Pfam and the structural prediction program 3D-PSSM predicted that EPG-6 contains WD40 repeats, which fold into a seven-bladed b-propeller ( Figures 2B and 2C ).
EPG-6 exhibits 29% and 19% identity with WIPI4 and WIPI1, respectively. WIPI1/2 and WIPI3/4, mammalian WIPI (WD40 repeat protein interacting with phosphoinositides) family proteins, belong to two large paralog groups (Polson et al., 2010) . WIPI1 and 2 are thought to act as mammalian Atg18 homologs (Polson et al., 2010) , whereas, to our knowledge, the role of WIPI3/4 in autophagy is unknown. Phylogenetic analysis indicated that C. elegans ATG-18 is related to WIPI1/2 (Polson et al., 2010) . Loss of function of atg-18 causes defective degradation of protein aggregates ( Figure 1J ) (Zhang et al., 2009 , Tian et al., 2010 . EPG-6 is more closely related to WIPI4. A hs::WIPI4 transgene, in which human WIPI4 expression is driven by the heat shock promoter, dramatically decreased the number of GFP::PGL-1 granules in epg-6 mutants after heat shock ( Figures  2D-2F ), confirming that WIPI4 is a functional homolog of epg-6.
epg-6 Is Widely Expressed
We constructed a translational fusion reporter with gfp inserted at the N terminus of EPG-6 to determine the expression pattern of epg-6. The gfp::epg-6 reporter rescued defective degradation of protein aggregates in epg-6(bp242) mutants ( Figure S2 ). GFP::EPG-6 was diffusely localized in the cytoplasm of almost all cells during embryogenesis ( Figure 2G ). At postembryonic stages, gfp::epg-6 was widely expressed, including in pharyngeal cells, body wall muscle cells, and neurons ( Figure S2 ). Expression of gfp::epg-6 remained unchanged in autophagy mutants ( Figure S2 ), indicating that EPG-6 itself is not degraded together with protein aggregates.
EPG-6 and ATG-18 Are Phosphoinositide-Binding Proteins
The critical role of PtdIns(3)P in the autophagy pathway prompted us to determine whether EPG-6 and ATG-18, like yeast Atg18 and mammalian WIPIs, possess PtdInsP-binding activity. We purified GST-fused EPG-6 and ATG-18 proteins and measured their binding to various lipids immobilized on hydrophobic membranes. The EPG-6 fusion protein, but not GST, bound 
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Role of PtdIns (3) (A) EPG-6 and ATG-2 interact directly in a GST pull-down assay. GST-fused fragments of ATG-2 immobilized on glutathione Sepharose beads were incubated with MBP-tagged EPG-6. The retained proteins were analyzed by SDS-PAGE using anti-MBP-antibody. Ten percent of the MBP-EPG-6 fusion protein used for pull-down is shown as input.
(B) The sixth b-propeller blade of EPG-6 is essential for binding of EPG-6 to ATG-2. GST-ATG-2 (amino acids 829-1549) immobilized on glutathione Sepharose beads was incubated with MBP-tagged EPG-6 and mutant EPG-6 deleting the fifth or the sixth b-propeller blade.
Role of PtdIns(3)P Effectors in Autophagy strongly to PtdIns(3)P and PtdIns(5)P and more weakly to PtdIns(4)P and PtdIns(3,5)P2 ( Figure 2P ). ATG-18 bound strongly to PtdIns(3)P, PtdIns(4)P, and PtdIns(5)P, and very weakly to PtdIns(3,5)P2 ( Figure 2P ).
The basic sequence Phe-Arg-Arg-Gly (FRRG), located at the junction between the fifth and sixth b-propeller blades, is essential for PtdInsP binding of yeast Atg18 and mammalian WIPI1 (Dove et al., 2004; Proikas-Cezanne et al., 2007) . At the corresponding position, ATG-18 (and WIPI1/2) has FRRG (amino acids 227-230) and EPG-6 (and WIPI3/4) has LRRG (amino acids 258-261). Substitution of the FRRG motif by FKKG or FTTG in ATG-18 completely abolished PtdInsP binding ( Figure 2P ; data not shown). The atg-18(FTTG) transgene could not rescue defective degradation of PGL aggregates in atg-18 mutants ( Figures  2H-2K ), suggesting that PtdInsP-binding activity is essential for atg-18 function. EPG-6(LKKG or LTTG) still bound to various PtdInsPs as wild-type EPG-6 ( Figure 2P ; data not shown). A fragment containing the fifth and sixth b-propeller blades of EPG-6, and an EPG-6 protein lacking these two blades, both contained PtdInsP-binding activity ( Figure 2P ). A transgene expressing mutant epg-6 with a deletion of the fifth or sixth b-propeller blade, hs::epg-6(del 5 or del 6), failed to rescue defective degradation of PGL granules in epg-6(bp242) mutants ( Figures 2L, 2M , and S2). SEPA-1 aggregates accumulated in late-stage embryos carrying the hs::epg-6(5+6) transgene ( Figures 2N and 2O ), indicating that overexpression of the fifth and sixth blades causes a dominant-negative effect on epg-6 function. These results suggest that both PtdIns(3)P-binding regions are essential for epg-6 function.
EPG-6 Associates with ATG-2
We isolated EPG-6 as an ATG-2 interacting protein in a yeast two-hybrid screen. To test whether EPG-6 directly interacts with ATG-2, we performed an in vitro pull-down assay in which MBP-fused EPG-6 was incubated with GST-fused fragments of ATG-2. Amino acids 829-1549 of ATG-2, but not GST alone or other fragments of ATG-2, specifically pulled down MBP-EPG-6 ( Figure 3A) . The ATG-2 binding activity was further mapped to the fifth and sixth blades of EPG-6. Deleting the sixth, but not the fifth, b-propeller blade abolished binding of EPG-6 to ATG-2 ( Figure 3B ). Neither yeast two-hybrid nor in vitro pulldown assays detected an interaction between ATG-18 and ATG-2 (data not shown).
To determine whether EPG-6 associates with ATG-2 in vivo, extracts from animals carrying gfp::epg-6 and atg-2::HA transgenes were immunoprecipitated with anti-GFP antibody. When the copurified proteins were detected by western blotting using anti-HA antibody, ATG-2 was specifically coimmunoprecipitated by anti-GFP antibody, but not by control IgG ( Figure 3C ). Thus, both in vivo and in vitro assays demonstrate a direct interaction between EPG-6 and ATG-2.
The EPG-6/ATG-2 Complex Regulates the Distribution of ATG-9 and EPG-1 Mutations in atg-2 cause defective degradation of PGL granules and T12G3.1 aggregates ( Figure 1J ) (Tian et al., 2010) . In atg-2(bp576) null mutants, as in epg-6 mutants, PGL granules and T12G3.1 aggregates formed clusters and were largely colocalized, levels of LGG-1 were elevated, and enlarged LGG-1 puncta were accumulated and colocalized with PGL granules ( Figures  1N, 3D , S1, and S2; Table S1 ). We next determined whether the EPG-6/ATG-2 complex, like the Atg2/Atg18 complex in yeast, regulates the distribution of ATG-9. In the integrated line carrying a functional atg-9 translational reporter, bpIs211, ATG-9::GFP was largely diffuse in the cytoplasm ( Figure 3E ). A few small ATG-9::GFP punctate structures were formed from the comma stage onward. Mutations in atg-3, atg-7, and lgg-1 had no evident effect on the expression pattern of ATG-9::GFP. In mutants of unc-51 and epg-1 (encoding the Atg1 and Atg13 homolog, respectively), ATG-9::GFP accumulated into numerous small punctate structures ( Figure 3F ). In mutants of epg-8 (encoding a highly divergent C. elegans Atg14 homolog), ATG-9::GFP accumulated into punctate structures that were larger in size and weaker in intensity than those in unc-51 mutants ( Figure 3G ). In epg-1 and epg-8 mutants, ATG-9::GFP puncta were separable from PGL granules ( Figure 3H , Figure S3 , and Table S2 ; data not shown). In epg-6 and atg-2 mutants, ATG-9::GFP accumulated into much larger puncta with irregular morphology that were colocalized with PGL granules and LGG-1 puncta ( Figures  3I-3L , Figure S3 , and Table S2 ). Thus, the distribution of ATG-9::GFP is regulated by, but displays distinct patterns in mutants for the UNC-51 complex, EPG-8 and the EPG-6/ATG-2 complex.
The functional translational reporter EPG-1::GFP was ubiquitously expressed and diffusely localized in the cytoplasm of wild-type embryos and atg-3 and lgg-1 mutants ( Figure S3 ; data not shown). We found that in epg-6 and atg-2 mutants, EPG-1::GFP formed distinct punctate structures that colocalized with PGL granules and LGG-1 puncta ( Figure S3 ; data not shown). lgg-1(RNAi) abolished formation of EPG-1::GFP in epg-6 and atg-2 mutants ( Figure S3 ; data not shown), indicating that EPG-1::GFP is recruited to protein aggregates in epg-6 and atg-2 mutants in a LGG-1-dependent manner. epg-6 and atg-2 Mutants Accumulate Early Autophagic Structures To investigate at which step the autophagy process is defective in epg-6 and atg-2 mutants, we examined formation of omegasomes, which can be specifically labeled by the ER-associated PtdIns(3)P-binding protein DFCP1 (Axe et al., 2008) . In the integrated transgenic line carrying a DFCP1::GFP reporter, bpIs168, DFCP1::GFP is diffuse and weakly expressed in embryos ( Figures 4A and 4B ), indicating that autophagy is a highly dynamic process during embryogenesis. In epg-6 and atg-2 mutant embryos, DFCP1 punctate structures dramatically accumulated and exhibited irregular morphology, forming enlarged tubular or other unusually shaped structures ( Figures  4C and 4D) , a phenotype also observed in mutants of the essential autophagy genes epg-3 and epg-4 (Tian et al., 2010) . The DFCP1::GFP puncta in epg-6 and atg-2 mutants colocalized with LGG-1 puncta but were distinct from NUC-1::cherrylabeled lysosomes ( Figures 4E-4H , Figure S4 , and Table S2 ).
These results suggest that progression from omegasomes to autophagosomes is defective in epg-6 and atg-2 mutants.
We further examined the autophagic structures in epg-6 and atg-2 mutants by transmission electron microscopy (TEM). The earliest autophagic element detectable by TEM is the isolation membrane with open edges. It appears as two thin ribosomefree membranes typically having an empty cleft between them and/or being closely apposed to each other (in some places pentalaminar). In C. elegans, unclosed isolation membranes are very rare; indeed, we observed only 2 in >5,000 images from several hundred wild-type animals. In epg-6 and atg-2 mutants, membranes with the typical features of the isolation membrane (cleft-like appearance and closely associated pentalaminar double-membrane regions) were readily observed ( Figures 4I-4K and Figure S4) , mostly between the rough endoplasmic reticulum (RER) cisterns ( Figures 4J and 4K) . Interestingly, in epg-6 and atg-2 mutants, we frequently found finely multilayered membrane-like structures (possibly phospholipid 
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Role of PtdIns(3)P Effectors in Autophagy accumulations) that often associated with membranes having the typical ultrastructural features of isolation membranes (Figure 4L ; data not shown). Such lamellar structures have also been detected in epg-3 and epg-4 mutants, which display the same phenotype as epg-6 and atg-2 mutants (Tian et al., 2010) . Accumulation of membrane-like lamellae in these mutants could be due to disturbances in handling phospholipids necessary for autophagosome formation. We interpret these results as showing that the formation of the isolation membrane and its further progression into the autophagosome stage (closure of the isolation membrane) might be disturbed in epg-6 and atg-2 mutants.
atg-18 Mutants Show Autophagic Defects Distinct from Those in epg-6 Mutants
In atg-18 mutants, PGL granules and T12G3.1 aggregates are round and largely separable ( Figure 5A , Figure S5 , and Table  S1 ) (Tian et al., 2010) . DFCP1::GFP puncta accumulated in atg-18 mutants ( Figure 5B ) but were smaller in size than those in epg-6 and atg-2 mutants.
LGG-1-I and LGG-1-II levels were higher in atg-18 mutants ( Figure 1N ). The LGG-1 immunostaining signal was weaker in early embryos ( Figure 5C ). However, from the 200-cell stage onward, intense LGG-1 puncta accumulated ( Figure 5D ). In atg-18 mutants, LGG-1 puncta encircled or were entwined with PGL granules but were largely nonoverlapping ( Figure 5E ). DFCP1 puncta largely colocalized with LGG-1 puncta and were closely associated with or separable from PGL granules in atg-18 mutants ( Figure S5 and Table S2 ; data not shown). Isolation membranes were readily detected by TEM in atg-18 mutants ( Figure 5F ). In summary, atg-18 appears to act at an early step of autophagosome formation, and its loss of function causes defects distinct from those in epg-6 mutants.
WIPI4 Regulates Progression of Omegasomes to Autophagosomes in Starvation-Induced Autophagy in Mammalian Cells
We investigated whether WIPI4 plays an evolutionarily conserved role in the autophagy pathway in normal rat kidney (NRK) cells. The kinetics of starvation-induced autophagy are highly reproducible in NRK cells; omegasomes and autophagosomes are extensively induced 1 or 2 hr after starvation, respectively. Autophagy activity starts to attenuate 4 hr later (Yu et al., 2010) . WIPI4-CFP was diffusely localized in the cytoplasm under nutrient-rich conditions ( Figure 6A ). In cells starved for 2 or 4 hr, WIPI4-CFP formed ring-shaped structures that encircled LC3 or small tubular structures that partially colocalized with LC3 ( Figure 6A ), indicating that WIPI4 is localized on autophagic structures. We then examined formation of autophagic structures in NRK cells transfected with siRNA targeted to WIPI4, which efficiently knocked down levels of WIPI4 mRNA ( Figure S6 ). Compared to cells transfected with nonspecific (NS) siRNA, WIPI4 KD cells had more DFCP1-labeled omegasomes ( Figures 6B and 6C) . WIPI4 KD cells displayed abnormally enlarged omegasomes, which formed giant ring-shaped structures ( Figures 6B, 6E , and S6). The enlarged DFCP1-labeled omegasomes were intimately associated with ER tracker-stained structures in WIPI4 KD cells ( Figure S6 ). In WIPI4 KD cells 2 hr after starvation, 
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Role of PtdIns(3)P Effectors in Autophagy enlarged tubular and ring-like LC3 punctate structures dramatically increased in number ( Figures 6D, 6E , and S6). The LC3 puncta were encircled by giant ring-like omegasomes; in some cases LC3 decorated the tip of enlarged tubular DFCP1 puncta ( Figure 6E ; data not shown).
To determine at which step the autophagy pathway is impaired in WIPI4 KD cells, we examined the expression of Atg5, which dissociates from the membrane upon completion of the autophagosome and thus only marks precursors of autophagosomes (Nakatogawa et al., 2009 ). Compared to control cells, the number and duration of Atg5 punctate structures 2 hr after starvation were significantly increased in WIPI4 KD cells ( Figures 6F-6H and Figure S6 ), indicating that autophagosome formation is hindered. We further transfected RFP-GFPtandemly tagged LC3 to monitor the fusion of LC3-labeled autophagic structures with lysosomes in WIPI4 KD cells. The GFP fluorescent signal is quenched inside lysosomes, so autolysosomes are labeled only by RFP, whereas both GFP and RFP mark autophagosomes and their precursors. Four hours after starvation, most of the LC3-positive punctate structures in control cells were autolysosomes, whereas a large number of autophagic structures were labeled by both GFP and RFP in WIPI4 KD cells ( Figure 6I ), indicating that fusion of the LC3 punctate structures with lysosomes is impaired. Therefore, KD of WIPI4 causes accumulation of autophagosomes and their precursors.
We performed TEM analysis to examine autophagic structures in WIPI4 KD cells. In NS siRNA-treated cells, autophagic vacuoles with surrounding cleft-like structures were detected 2 hr after starvation ( Figures 6J and 6K) . In WIPI4 KD cells, tubular and ring-like structures accumulated ( Figures 6L and 6M) . Some of these tubular structures were associated with ribosome-like particles ( Figures 6N and 6O ), suggesting that they may be RER derivatives. Taken together, these results show that autophagosome formation is impaired in WIPI4 KD cells.
Formation of DFCP1-Labeled Omegasomes in epg-6 and atg-2 Mutants Requires the UNC-51/EPG-1 Complex, EPG-8, and the LGG-1 Conjugation System We examined the genetic relationships of epg-6 and atg-2 with other autophagy genes by determining the formation, organization, and distribution of protein aggregates, DFCP1-labeled omegasomes, and LGG-1 puncta in double mutants. In mutants for the UNC-51/EPG-1/EPG-9 (the C. elegans Atg101 homolog) complex, EPG-8, and the LGG-1/ATG-7/ATG-3 conjugation system, PGL granules and T12G3.1 aggregates are spherical and separable ( Figures 7A, 7E , and 7I and Table S1 ; data not shown) (Tian et al., 2010; Q.Q. Liang and H.Z., unpublished data) . Both LGG-1-I and LGG-1-II accumulated in unc-51, epg-1, and epg-8 mutants ( Figure S7 ). LGG-1 puncta were absent from most cells but accumulated into large aggregates in a few cells in UNC-51 complex mutants ( Figure 7A ). LGG-1 puncta were absent in epg-8, atg-3, and lgg-1 mutants ( Figures  7E and 7I) . Mutations in epg-1, epg-9, epg-8, atg-3 , and lgg-1 did not cause evident changes in DFCP1::GFP expression ( Figures  7C, 7G, and 7K ). Simultaneous depletion of epg-1, epg-9, epg-8, atg-3, or lgg-1 in epg-6 and atg-2 mutants resulted in the same formation, organization, and distribution of PGL granules and LGG-1 puncta as in epg-1, epg-9, epg-8, atg-3, and lgg-1 single mutants ( Figures 7B, 7F , 7J, and S7 and Table S1 ; data not shown). Notably, DFCP1 puncta were absent in these double mutants ( Figures 7D, 7H , and 7L; data not shown), indicating that the UNC-51/EPG-1 complex, EPG-8, and binding of lipidated LGG-1 to protein aggregates are essential for omegasome formation in epg-6 and atg-2 mutants.
By constructing double mutants, we found that formation of LGG-1 and DFCP1 puncta in epg-1; atg-18, atg-3; atg-18, and epg-8; atg-18 mutants resembled that in epg-1, epg-8, and atg-3 single mutants ( Figures 7M, 7N , and S5 and Table S1 ). In epg-6; atg-18 and atg-18; atg-2 double mutants, PGL granules and T12G3.1 aggregates did not form big clusters and were largely separable, as in atg-18 single mutants ( Figure 7O, Figure S5 , and Table S1 ).
LGG-1 puncta were smaller than those in epg-6 or atg-2 single mutants.
LGG-1 puncta and PGL granules in the double mutants did not completely colocalize, although the extent of overlap was greater than that in atg-18 single mutants ( Figure 7P , Figure S5 , and Table S1 ). Thus, loss of function of atg-18 largely suppresses the enlarged PGL granules and LGG-1 puncta in epg-6 and atg-2 mutants.
atg-9 is an essential autophagy gene (Tian et al., 2010) . In atg-9 mutants, PGL granules and T12G3.1 aggregates are spherical and separable (Table S1 ).
LGG-1 forms aggregates that are stronger in intensity compared to those in wild-type embryos ( Figure 7Q and Figure S7 ). LGG-1 puncta were largely separable 
Role of PtdIns(3)P Effectors in Autophagy from PGL granules (Table S1) . No obvious accumulation of DFCP1::GFP was detected in atg-9 mutants ( Figure 7S ). In epg-6; atg-9 double mutants, PGL granules and LGG-1 puncta resembled those in atg-9 single mutants ( Figure 7R and Table  S1 ), whereas DFCP1 puncta still accumulated and were colocalized with the LGG-1 puncta. DFCP1 puncta, however, closely associated with, but were largely separable from, PGL granules ( Figure 7T , Figure S7 , and Table S2 ).
Compared to wild-type embryos, PGL granules and LGG-1 puncta in epg-5 mutant embryos are smaller in size and display patches of diffuse staining ( Figure 7U ) (Tian et al., 2010) . In epg-5 mutants, a few DFCP1 puncta were detected that colocalized with LGG-1 puncta ( Figure 7W and Figure S7 ). double mutants, formation and distribution of PGL granules, T12G3.1 aggregates, omegasomes, and LGG-1 puncta resembled those in epg-6, atg-2, and atg-18 single mutants ( Figures 7V, 7X , S5, and S7; Table  S1 ). These hierarchical analyses indicate that the unc-51 complex, epg-8, the lgg-1 conjugation system, atg-9, and atg-18 are epistatic to epg-6 and atg-2, whereas epg-5 acts at a later step in the aggrephagy pathway.
DISCUSSION
Role of epg-6, atg-2, and atg-18 in the Autophagy Pathway Here we demonstrated that the WD40 repeat PtdIns(3)P-binding proteins EPG-6 and ATG-18 play essential but distinct roles in the autophagy pathway. EPG-6/WIPI4 has an evolutionarily conserved function in regulating generation of autophagosomes from omegasomes. EPG-6 forms a complex with ATG-2. WIPI4 also interacts with Atg2 (Behrends et al., 2010) , indicating that EPG-6/WIPI4 is probably the functional ortholog of yeast Atg18. In autophagosome formation, one function of the EPG-6/ATG-2 complex is to regulate the distribution of ATG-9, which is thought to supply lipids to the forming autophagosome (Tooze and Yoshimori, 2010) . epg-6/WIPI4 also controls the size of omegasomes and autophagosomes. Loss of function of epg-6/ WIPI4 causes accumulation of enlarged omegasomes and autophagosomes. EPG-6/WIPI4 may modulate the persistence of PtdIns(3)P or restrict the expansion of PtdIns(3)P along the ER strands. Alternatively, EPG-6/WIPI4 may be directly involved in generating negative curvature at the inner surface of the isolation membrane or in preventing homotypic fusion of the edges of the isolation membrane, thus controlling autophagosome size. Knockdown of WIPI2 causes accumulation of small DFCP1 punctate structures that are LC3 negative (Polson et al., 2010) . Thus, WIPI2 and WIPI4 play opposite roles in controlling omegasome size.
atg-18 probably regulates an early step of autophagosome formation. Loss of atg-18 function largely suppresses accumulation of enlarged LGG-1 puncta in epg-6 and atg-2 mutants. The role of atg-18 is distinct from that of WIPI2 in the autophagy pathway. WIPI2 KD causes accumulation of small LC3-negative DFCP1 puncta and a reduction in lipidation of LC3 and GFP-LC3 puncta (Polson et al., 2010) . atg-18 may regulate association of protein aggregates, LGG-1 puncta, and omegasomes. Our results demonstrate that distinct autophagic PtdIns(3)P effectors mediate the role of PtdIns(3)P at different steps in the autophagy pathway.
Binding of Lipidated LGG-1 to Protein Aggregates Is Required for Omegasome Formation in the Aggrephagy Pathway In starvation-induced autophagy, nutrient status is transduced via TOR kinase to the Atg1/ULK1 complex, which triggers a cascade of events leading to the formation of autophagosomes (Mizushima, 2010) . In mammalian cells, ULK1 and Atg14 associate with the ER, and the Vps34 complex is targeted to the ER, via Atg14, to generate PtdIns(3)P-enriched omegasomes, which provide a membrane platform for recruiting other Atg proteins, including the Atg12/5/16 complex and LC3, to form autophagosomes Itakura and Mizushima, 2010 ). Omegasome formation is not affected in cells depleted of the LC3/Atg3 system (Itakura and Mizushima, 2010) . Thus, the LC3 conjugation system functions downstream of omegasome formation in starvation-induced autophagy.
In the aggrephagy pathway, autophagosomal membranes closely surround the protein aggregates and exclude bulk cytosol. In epg-6 and atg-2 mutants, DFCP1-positive omegasomes are enlarged and colocalized with protein aggregates and LGG-1 puncta. Formation of DFCP1 puncta in epg-6 and atg-2 mutants, as in starvation-induced autophagy, requires the UNC-51/Atg1 complex and EPG-8/Atg14 but also requires the LGG-1 conjugation system. LGG-1 directly interacts with components of protein aggregates; SEPA-1 and EPG-2 for PGL granules and T12G3.1 for T12G3.1 aggregates (Zhang et al., 2009; Tian et al., 2010) . The enlarged protein aggregates and LGG-1 puncta in epg-6 mutants could result from homotypic fusion of lipidated LGG-1-labeled protein aggregates, because PE-conjugated Atg8 contains membrane tethering and hemifusion activity (Nakatogawa et al., 2007) . The presence of LGG-1-PE on protein aggregates may permit the autophagosome to build directly around the aggregate without enclosing bulk cytosol. Similar mechanisms may be employed for selectively enwrapping protein aggregates by autophagosomes in other systems. In the autophagy-related Cvt pathway in yeast, the cargo (prApe1 and Ams1) forms a complex with the receptor Atg19, called the Cvt complex, which is subsequently recognized and transported to the PAS by Atg11 and finally enclosed by the autophagosome-related Cvt vesicle. Atg19 directly interacts with Atg8 (Shintani et al., 2002) . The cargo-receptor complex facilitates formation of the PAS under growth conditions (Nair and Klionsky, 2005) . The requirement of Atg8 differs between the Cvt pathway and starvation-induced autophagy. In Atg8 deletion cells, small autophagosomes are formed during starvation (Kirisako et al., 1999) , but the Cvt pathway is completely defective (Shintani et al., 2002) , suggesting that formation of Cvt vesicles may also require binding of lipidated Atg8 to the Cvt complex.
The Hierarchical Order of Autophagy Proteins in the Aggrephagy Pathway
Previous studies have established the hierarchy of Atg proteins in organizing the PAS in yeast and forming Atg protein puncta in mammalian cells (Suzuki et al., 2007; Itakura and Mizushima, 2010) . In both systems, the Atg1/ULK1 kinase complex acts at the most upstream step, followed by the Atg14-containing PI(3)K complex. Recruitment of Atg18/WIPI1 and formation of DFCP1-labeled omegasomes (in mammalian cells) depend on the Atg1/ULK1 complex and the PI(3)K complex (Suzuki et al., 2007; Itakura and Mizushima, 2010) . Atg18, which functions redundantly with the PtdIns(3)P-binding protein Atg21, is required for further recruitment of the Atg12/5/16 complex and Atg8-PE to the PAS (Nair et al., 2010) . The order in which Atg proteins act during the formation of the PAS or Atg protein puncta, however, might not reflect their sequential functions in autophagosome formation. By examining a series of genetic phenotypes, we established the hierarchical relationship of autophagy proteins in the aggrephagy pathway ( Figure 7Y ). The UNC-51/Atg1 complex, EPG-8/Atg14, and the LGG-1 conjugation system are required for accumulation of omegasomes in epg-6 and atg-2 mutants. In epg-8 mutants, LGG-1-II accumulates but does not form puncta (Yang and Zhang, 2011) , suggesting that EPG-8 is required for binding of lipidated LGG-1 to protein aggregates. EPG-1::GFP forms aggregates that colocalize with protein aggregates and LGG-1 puncta in epg-6 and atg-2 mutants, and the formation of EPG-1 aggregates depends on LGG-1. Whether EPG-1 is recruited to protein aggregates or marks the site for omegasome formation remains to be elucidated. The LGG-1 conjugation system may also act at the autophagosome expansion step as in starvation-induced autophagy. Loss of function of atg-9 does not suppress the accumulation of DFCP1::GFP in epg-6 and atg-2 mutants, indicating that atg-9 functions downstream of omegasome formation in the aggrephagy pathway. The role of epg-6 and atg-2 in regulating generation of autophagosomes from other membrane sources such as the plasma membrane and mitochondria remains to be determined. Our results suggest that during embryogenesis omegasomes appear to be the main sites for supplying membrane for autophagosome biogenesis because the majority of LGG-1 puncta colocalize with DFCP1-labeled omegasomes in epg-6 and atg-2 mutants.
Our study provides insights into the mechanisms by which autophagosomes form around protein aggregates and cargoes in other types of selective autophagy, including damaged organelles and invading pathogens in mammalian cells, and may also help to design therapeutic strategies to elevate the efficiency of recognition of cargoes by autophagosomes in various pathological conditions.
EXPERIMENTAL PROCEDURES
Isolation and Cloning of epg-6 Animals carrying sepa-1::gfp (bpIs131), c35e7.6::gfp (bpIs132), or DFCP1::gfp (bpIs168) reporters were treated with EMS. Embryos derived from F2 animals were examined. From 10,000 genomes screened, epg-6(bp529) was isolated as 1 of 68 mutants in which SEPA-1::GFP accumulated in late-stage embryos. From 3,000 genomes screened, we isolated epg-6(bp242), which caused accumulation of C35E7.6 aggregates in embryos. From 6,000 genomes screened, epg-6(bp749) was identified as 1 of 39 mutants that caused accumulation of DFCP1::GFP in embryos. Details of the mapping and cloning of the mutants are in the Supplemental Experimental Procedures.
Indirect Immunofluorescence
Immunofluorescence was carried out as before (Tian et al., 2010) . Slides were viewed using a confocal microscope (Zeiss LSM 510 Meta).
Lipid-Binding Assay
Membrane strips spotted with various phospholipids (P-6001; Echelon Biosciences) were blocked with PBS plus 1% nonfat dried milk for 1 hr at room temperature, then incubated overnight at 4 C with 10 mg/ml GST-fused proteins in PBS plus 1% nonfat dried milk. Membrane strips were blotted with anti-GST antibody. Bound proteins were detected using ECL detection reagents (Amersham).
In Vitro Pull-Down Assay cDNAs encoding EPG-6 and fragments of ATG-2 were cloned into pGEX-6P-1 (for GST fusion) or pMAL-C2X (for MBP tagging). GST-fusion proteins were incubated with MBP-tagged proteins and glutathione Sepharose beads as before (Zhang et al., 2009) . Bound proteins were analyzed by western blot using an anti-MBP antibody.
In Vivo Coimmunoprecipitation Assay Extracts of embryos expressing gfp::epg-6 and atg-2(amino acids 829-1549)::HA transgenes were immunoprecipitated with anti-GFP monoclonal antibody (Roche), or control IgG (anti-SEA-2 antibody), then incubated with 30 ml protein G Sepharose beads. After extensive washes, the immunoprecipitates were analyzed by western blotting using an anti-HA antibody.
Immunostaining Cells were washed with PBS, fixed in 2% paraformaldehyde for 10 min, and permeabilized in 0.2% Triton X-100 for 5 min. They were blocked with 10% FBS in PBS for 30 min, stained with diluted antibody in blocking buffer for 1 hr, and washed with PBS three times. Cells were then stained with secondary antibody in PBS for 1 hr and washed with PBS three times.
ACCESSION NUMBERS
The accession number for Y39A1A.1 (epg-6) is NP_871659.1 GI:32564927.
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